The hydrothermal reaction of MnĲII) or CoĲII) ions with 2-carboxyethylĲphenyl)phosphinic acid (H 2 L) afforded MnĲII) and CoĲII) carboxylate-phosphinates containing μ 3 -OH − as a co-ligand, namely
Introduction
During the past few decades, molecule-based magnetic materials with rich magnetic couplings have attracted considerable attention in coordination chemistry, owing to their intriguing magnetic phenomena as well as their potential applications in quantum computation and information storage.
1-3 Among the classes of magnetic materials, frustrated magnets and spin fluctuation complexes are of particular theoretical interest.
On the one hand, in frustrated magnets, localized magnetic moments, or spins, interacting through competing exchange interactions cannot be simultaneously satisfied, which may lead to some interesting phenomena such as spin liquid at low temperature. 4 As one of the archetypes of spin frustration, Δ-type chain magnets that contain chains of corner-and/or edge-sharing triangles of M 3 Ĳμ 3 -bridge) may provide a theoretical model to study magneto-structural correlations and act as secondary building blocks to construct novel frustrated materials. However, up to now, examples of coordination polymers (CPs) with Δ-type chain structures are still limited in number. [5] [6] [7] To create magnetic CPs with Δ-type chain structures, the introduction of a μ 3 -OH − coligand has been proved to be an effective strategy. On the other hand, metamagnetic or spin fluctuation behaviour may occur if the couplings are weak enough to be overcome by an external field and enter into another magnetic state along with the reorientation of spin. 8 Frequently, such couplings are not strong and are exhibited in intermolecule, interchain, and interlayer interactions mediated by long linkers, blocking groups, hydrogen bonds, and π-π interactions. 8a,9 Recently, we have undertaken research works on the coordination chemistry of a bifunctional ligand, namely 2-carboxyethylĲphenyl)phosphinic acid (H 2 L, see Scheme 1), which features two formally analogous carboxylate and phosphinate moieties (i.e., both contain two potential O donors) separated by a flexible ethylene spacer. The use of such a conformationally flexible ligand with multiple donor sites has demonstrated the structural diversity for the construction of CPs. 10, 11 In our current studies on 
Experimental

Materials and instrumentation
2-CarboxyethylĲphenyl)phosphinic acid was prepared using a published procedure. 12 All other chemicals were obtained from commercial sources and used without further purification. FT-IR spectra were recorded on a Nicolet 5700 spectrometer using KBr pellets in the range of 4000-400 cm −1 . Powder X-ray diffraction (PXRD) patterns (Cu-Kα) were collected on a Bruker Advance D8 θ-2θ diffractometer. Thermogravimetric analysis (TGA) was carried out on a TA Q50 system at a heating rate of 10°C min −1 under a nitrogen atmosphere. Variable-temperature magnetic susceptibility, zero-field ac magnetic susceptibility, and field dependence of magnetization were measured on a Quantum Design MPMS-XL5 (SQUID) magnetometer. Diamagnetic corrections were estimated from Pascal's constants for all constituent atoms.
Synthesis of 1
A mixture of MnĲCH 3 COO) 2 ·4H 2 O (0.30 mmol), H 2 L (0.32 mmol) and urea (0.38 mmol) in 10 mL distilled water was sealed in a Parr Teflon-lined autoclave (23 mL) and heated at 150°C for 3 days. The final pH value was about 5.5 and colourless plate-shaped crystals of 1 were collected in ca. 55% yield based on Mn. The purity of the as-grown crystals was confirmed by PXRD ( 
Synthesis of 2
A mixture of CoCl 2 ·6H 2 O (0.30 mmol), H 2 L (0.32 mmol) and urea (0.30 mmol) in 10 mL distilled water was sealed into a Parr Teflon-lined autoclave (23 mL) and heated at 150°C for 3 days. The final pH value was about 5.0 and pink plateshaped crystals of 1 were collected in ca. 85% yield based on Co. The purity of the as-grown crystals was confirmed by PXRD ( 
Single-crystal structure determination
Data collections for 1 and 2 were performed on a Smart ApexII CCD diffractometer equipped with a graphitemonochromated Mo-Kα radiation source (λ = 0.71073 Å).
Their intensity data were collected at 296 K. The data sets were corrected for Lorentz and polarization factors as well as for absorption by the SADABS program. 13 Crystal structures were solved by direct methods and refined by full-matrix least-squares fitting on F 2 with the SHELXTL program package. 14 The final difference Fourier maps for 1 showed the highest residual peak of 1.41 e Å −3 (1.01 Å from the Mn1 atom) and the deepest hole of −0.99 e Å −3 (0.67 Å from the H2A atom). The residuals for 2 (0.68 and −0.65 e Å −3 ) are quite small. C-bound H atoms were generated geometrically while O-bound H atoms were located in the difference Fourier map. All non-hydrogen atoms were refined with anisotropic thermal parameters, whereas all hydrogen atoms were refined isotropically. Crystallographic data and structural refinements for 1 and 2 are summarized in Table 1 . Selected bond lengths are listed in Table 2 . More details on the crystallographic studies as well as atom displacement parameters are given in the X-ray crystallographic files in CIF format.
Results and discussion
Synthesis and thermogravimetric analysis
The syntheses of 1 and 2 were carried out using a hydrothermal process in the presence of urea, which slowly hydrolyses at the temperature of the reaction, releasing ammonia and slowly raising the pH of the solution. Their thermal stability was examined by TGA under a nitrogen atmosphere, showing that 1 and 2 are stable up to 325 and 303°C, respectively, whereupon they start decomposing (Fig. S2 , ESI †).
Description of the crystal structure
Compounds 1 and 2 crystallize in the monoclinic space group P2 1 /n and they are isomorphous in structure, hence only the structure of 1 will be discussed in detail as a representative. The asymmetric unit of 1 contains two types of Mn 2+ ions, one L 2− ligand, and one OH − group. The +2 oxidation state of the manganese ions was confirmed by bond valence sum (BVS) analysis (1.995 for the Mn1 ion and 2.062 for the Mn2 ion). 15 While the Mn1 ion lying on a general (2), respectively. The neighbouring Mn 3 Ĳμ 3 -OH) triangle units are both corner-shared at the Mn2 site and edge-shared at the Mn1⋯Mn1A borderline, thus leading to an infinite Δ-type chain running along the a-axis (Fig. 2, top) . The neighbouring chains are further bridged by the Y-shaped "-(CH 2 ) 2 -C(-O-)-" spacers to form a layer in the ab plane. The shortest interchain Mn⋯Mn distance within the layer is 4.6801(3) Å. Furthermore, the layers in 1 are assembled through C-H⋯π interactions between the phenyl groups of the L 2− ligands at two adjacent layers, forming a three-dimensional supramolecular structure (Fig. 3) . The inter-layer distance is 14.929(1) Å.
Magnetic property studies
The temperature-dependent magnetic susceptibility was measured at 1000 Oe in the range of 1.8 (2.0)-300 K on crushed crystalline samples of 1 and 2. Symmetry codes: #1 x − 1, y, z; #2 −x + 1, −y + 1, −z; #3 −x + 1, −y, −z. Fig. 1 ORTEP representation of the selected unit of 1. The anisotropic displacement ellipsoids are drawn at 50% probability. Symmetry codes for the generated atoms: A. −1 + x, y, z; B. 1 − x, −y, −z; C. 1 − x, 1 − y, −z; D. −x, 1 − y, −z; E. −1 + x, 1 + y, z; F. 1 + x, y, z; G. 1 + x, −1 + y, z. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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For 1, the χ m T value for a Mn 3 triangle unit at 300 K is 12.1 cm 3 mol −1 K, which is smaller than the spin-only value for three MnĲII) ions (S = 5/2, 13.12 cm 3 mol −1 K for g = 2.0).
With decreasing temperature, the χ m T value first decreases gradually to a minimum value of ca. 5.85 cm 3 mol −1 K at 18 K, then increases sharply to a maximum value of 34.2 cm 3 mol −1 K at 4 K, and finally drops down to 26.0 cm 3 mol −1 K at 2 K (Fig. 4a) . The data at 30-300 K can be fitted to the Curie-Weiss law, giving C = 13.61 cm 3 mol −1 K and θ = −34.0 K.
The negative θ value indicates that there are dominant antiferromagnetic interactions between the MnĲII) ions. On the other hand, the increase of the χ m T value below 18 K implies the uncompensating magnetic moment owing to the spinfrustrated/spin-competing interaction in μ 3 -OH − -bridged Mn 3 units; whereas, the decrease of the χ m T value below 4 K is likely due to a saturation effect (vide infra) and/or a weak interchain antiferromagnetic interaction.
The field dependence of the magnetization at 2.0 K is shown in Fig. 4b . The magnetization curve shows a rapid increase at very small external fields, and then exhibits a linear increase at the high-field range. The value (4.82 Nβ) at 5 T per Mn 3 unit is close to the moment of one MnĲII) ion (5 Nβ), suggesting a non-compensating resultant moment of one MnĲII) ion per Mn 3 unit, a typical characteristic of topological ferrimagnets.
17 No significant remnant magnetization and coercive field were observed in the hysteresis loop at 2.0 K, suggesting a soft magnetic characteristic for 1 (Fig. S4, ESI †) . Moreover, the FC and ZFC curves diverge at below 3.6 K (Fig.  S5 , ESI †), suggesting the occurrence of irreversibility of magnetization. AC susceptibility measurements revealed that both in-phase (χ′) and out-of-phase (χ″) signals (Fig. S6 , ESI †) are somewhat frequency-dependent, which should be ascribed to spin-glass behaviours that often happen on triangle spin-competing systems.
18
The complicated magnetic behaviour at low temperature should be mainly ascribed to the complicated magnetic exchange topology in 1. As shown in Fig. 2 , a Δ-type chain is built from alternating corner-and edge-sharing Mn 3 Ĳμ 3 -OH) triangles with the carboxylate and phosphinate as co-bridges. As revealed by temperature susceptibilities at high temperature, the intra-triangle magnetic interaction should be of antiferromagnetic type, which is consistent with the Mn-OMn angles in the range of 92.9Ĳ3)-103.9Ĳ4)°. In such a Δ-type chain, spin competition is expected as the intrachain magnetic interactions cannot be satisfied at the same time (Fig. 5) . This spin-competing behaviour is also supported by a moderate value of the frustration parameter (f = |θ|/T N = 9.2) in 1.
19 As the MnĲII) ion usually has a weak magnetic anisotropy, the magnetic structure in such a Δ-type chain is strongly determined by the coupling between the sites. For this case, a single phase transition from the paramagnetic state to a magnetically ordered state was predicted. 20 Taking into consideration the large χ′T value (131 cm 3 mol −1 K) observed at 3.8 K and the magnetization of 4.82 Nβ at 5 T, one of the possible magnetic structures of a single chain at low temperature can be proposed for 1. As shown in Fig. 6 , for each single chain, the moments on the edge-sharing (Mn1) and vertex-sharing (Mn2) sites form two individual sub-lattices, which are anti-parallel to each other, and thus, a noncompensating resultant moment of one MnĲII) ion per Mn 3 unit could be formed, leading to a topologically ferrimagnetically ordered state for 1. For 2, the χ m T value at room temperature is 9.63 cm 3 mol −1 K, which is much larger than the expected spin-only value (5.625 cm 3 mol −1 K) for three magnetically isolated CoĲII) ions (S = 3/2, g = 2) and this phenomenon can be attributed to the strong spin-orbit coupling of CoĲII) ions. As the temperature decreases, the value of χ m T slowly decreases at high temperature and quickly decreases down to a minimum value of 0.48 cm 3 mol −1 K at 2.0 K. Curie-Weiss fitting of the magnetic data from 2 K to 300 K for 2 results in C = 10.23 cm 3 mol −1 K and θ = −17.3 K. Notably, the negative θ value does not indicate dominant antiferromagnetic coupling between the metal centers because of the strong spin-orbit coupling of CoĲII) ions, which itself can lead to a negative θ value and a decrease of χ m T at high temperature. 21 The strength of the antiferromagnetic exchange interaction caused by the spin-orbit coupling of CoĲII) at high temperature was estimated based on eqn (1).
In eqn (1), A + B equals the Curie constant, and E 1 and E 2 are the spin-orbit coupling constant and activation energy of antiferromagnetic interactions, respectively. The best fit of the experimental data gives A + B = 10.53 cm 3 mol −1 K, −E 1 /k = −90.24 K, and −E 2 /k = −4.98 K for 2 (Fig. 6a) . The negative value of −E 2 /k indicates the dominant antiferromagnetic interactions between adjacent CoĲII) ions.
22
The field-dependent magnetization of 2 at 2 K has a value of 5.92 Nβ (far from the saturation value) at 7 T and exhibits a pronounced sigmoid shape at low field. The latter implies spin fluctuation behaviour for 2 that a magnetic transition occurs from the AF interaction at low field to a FM state at high field (Fig. 6b) , and the critical field defined as dM/dH at 2 K is 25 kOe. To investigate the nature of the spin fluctuation of 2, the low temperature magnetic susceptibilities at different fields were measured. The χ m vs. T plot (Fig. 6c) shows a cusp around 5.0 K when the applied fields are lower than 25 kOe. Below 5.0 K, χ m drops sharply toward zero, suggesting that the ground state of the system is S = 0. The cusp disappears at higher fields and the antiferromagnetic couplings mediated by μ 3 -OH could be overcome at external fields larger than 25 kOe, from which 2 turns into a ferromagnetic state. In addition, the antiferromagnetic behavior is further confirmed by the temperature-dependent in-phase (χ′) magnetic susceptibilities (Fig. S7, ESI †) , but no out-of-phase (χ″) signals could be observed.
As is known, the usual coordination modes of carboxylates to transfer magnetism could be divided into four types: two of which are syn-syn-μ 2 -η 
